Abstract: We propose a compact polarization diversity circuit for a silicon waveguide device. It consists of silica waveguides and photonic crystal waveplates, and can convert input light with various polarization states into two output light signals with the same polarization. Setting these circuits at the front and rear of two silicon optical switches, the polarization dependence in the switch can be dramatically suppressed. We fabricated polarization diversity circuits for a 4×4 silicon optical switch and realized a polarization insensitive 4×4 optical switch. The polarization dependent loss was reduced to 1.1 dB and the polarization dependent crosstalk was less than −17 dB.
Introduction
Recently, a great deal of research has been carried out in silicon photonics, since the use of silicon enables dense integration and low cost fabrication of various optical circuits using CMOS-compatible processes [1, 2, 3] . On the other hand, silicon wire waveguides have polarization dependent loss (PDL), and polarization dependent wavelength characteristics [4, 5, 6] . These large polarization dependences have prevented the practical use of silicon photonics since the light from optical fibers has various polarizations. Functional optical devices are generally connected to arrayed optical fibers. Therefore, it is necessary to cancel the polarization dependence in silicon optical devices.
Recently, silicon optical circuits consisting of polarization splitters and polarization rotators were reported; however, they required high fabrication accuracy [7] . The off-chip polarization diversity circuit with polarization beam splitters was developed and successfully demonstrated [8] .
In this paper, we describe our proposal and the fabrication of a polarization diversity circuit based on silica planar lightwave circuit (PLC) for eliminating the polarization dependence in silicon photonics devices. The proposed circuit consists of a polarization splitter and a polarization rotator using a 1Â2, 2Â2 multimode interference (MMI) coupler, and photonic crystal quarter-waveplates (QWPs) and half-waveplates (HWPs). We demonstrate the polarization independence of a 4Â4 silicon optical switch array utilizing these polarization diversity circuits.
2 Principle of the polarization diversity circuit Fig. 1 shows the structure of the polarization diversity circuit. Input light with mixed TE and TM modes is split by a 1Â2 MMI coupler. On the upper arm, the photonic crystal QWP is set with the slow axis horizontal in order to retard the phase of the TE mode by 90 degrees. On the other hand, the photonic crystal QWP is set with the slow axis vertical on the lower arm so that the phase of TM mode is retarded by 90 degrees. Therefore, the TE and TM modes are separated by the 2Â2 MMI coupler. Then, a photonic crystal HWP with its optical axis at 45 degree is set into the upper arm to arrange the polarizations of the two outputs.
The photonic crystal waveplates are manufactured from two types of materials with different refractive indices to get a corrugated multilayer film [9] . By adjusting the number of the layers, it can function as a QWP or a HWP. Furthermore, optical axes of the photonic crystal waveplates can be aligned to arbitrary direction so that we can make HWP and QWP which have two different axis angles. Therefore, with this arrangement a compact polarization diversity circuit can be realized. Fig. 2 shows a schematic diagram of a polarization independent 4Â4 silicon optical switch using the polarization diversity circuits, which consist of four units of the 1Â2 polarization diversity circuit shown in Fig. 1 . The four upper side outputs of each 1Â2 polarization diversity circuit are connected to a 4Â4 optical switch, and the others on the lower sides are connected to another such switch. The 4Â4 switch consists of 16 thermooptic Mach-Zehnder interferometers (MZIs) arranged in a path-independent insertion loss topology [8] . Fig. 3 shows the photomask layout of the polarization diversity circuit. The chip size is 1 cm Â 3 cm, the relative refractive index difference of the silica is about 1%, and it is designed for a wavelength of 1550 nm. Each photonic crystal waveplate is inserted in about 20-µm-wide grooves tilted by 8 degrees to avoid light being reflected back into the input waveguides. All of the optical path lengths from any input to any output are the same. The polarization diversity circuit has a loss of 3.7 dB and the polarization extinction ratio is 18 dB [10] . Fig. 4 shows the experimental setup for operating the 4Â4 optical switch array. Light with 125 different polarization states using a polarization scrambler (PS) was input to the setup to measure the loss fluctuation and the crosstalk.
Experiments
The loss and crosstalk characteristics for the various states of polarization (SOP) are defined as:
Loss ðdBÞ ¼ À10 Â log 10 P selected output port P input ð1Þ
Crosstalk ðdBÞ ¼ 10 Â log 10 P non-selected output port P selected output port ð2Þ
where P input is the input light power to the front polarization diversity circuit, P selected output port is the output power from the selected output port, and P non-selected output port is the output power from the non-selected output port. Figs. 5 and 6 show the polarization dependence of the loss and crosstalk characteristics for all 16 switching paths on the 125 different SOPs. The wavelength of the input light is 1550 nm. The average loss for all 16 paths is approximately 45 dB and the maximum value for the fluctuation in the loss in a single path is about 1.1 dB. The PDL value includes the variation in a coupling loss and a transmission loss for each path. This indicates that the polarization diversity circuit effectively suppresses the polarization dependence of the silicon optical switch. The crosstalk was less than −17 dB for the 125 different SOPs.
The estimated loss budget in the polarization diversity experiment is shown in Table I . The average total loss is 46 dB. The loss in the polarization diversity circuit and the optical switch are approximately 4 dB and 10 dB, respectively. Therefore, the coupling loss between the polarization diversity circuit and the silicon optical switch is about 14 dB per junction. This value is much larger than the loss of 7 dB calculated using the finite difference time domain (FDTD) method. This is because it is very difficult to butt the silica-based diversity circuit and the silicon optical switch due to their rough surfaces. However, those losses can be significantly reduced by using a silica waveguide with higher refractive index difference, and assembling the chips closer together. Fig. 7 shows the insertion loss as a function of wavelength for a specific input SOP. The loss is 45∼50 dB within the C-band and the loss fluctuation is 3 dB for each optical path. Thus, broadband polarization independent characteristics were confirmed.
Conclusions
A 4Â8 polarization diversity circuit using photonic crystal waveplates was fabricated. Polarization diversity 4Â4 optical switches were configured using two polarization diversity circuits and two 4Â4 silicon optical switches. The fluctuation in the loss was 1.1 dB and the crosstalk was less than −17 dB for 125 different SOPs for all switching paths. The wavelength dependence of the loss within the C-band was about 3 dB for each switching path. The total loss was large; however, it can be reduced by using a silica waveguide with higher refractive index difference, and assembling the chips closer together. 
